ABSTRACT Many signaling pathways act through shared components, where different ligand molecules bind the same receptors or activate overlapping sets of response regulators downstream. Nevertheless, different ligands acting through cross-wired pathways often lead to different outcomes in terms of the target cell behavior and function. Although a number of mechanisms have been proposed, it still largely remains unclear how cells can reliably discriminate different molecular ligands under such circumstances. Here we show that signaling via ligand-induced receptor dimerization-a very common motif in cellular signaling-naturally incorporates a mechanism for the discrimination of ligands acting through the same receptor.
Dimeric receptors often participate in overlapping signaling pathways
Ligand-induced receptor dimerization is a common motif in molecular sensing and signaling. Typically, dimerization enables auto-or cross phosphorylation of kinases bound to the intracellular domains of the receptor subunits, which initiates a cascade of subsequent signaling reactions (1, 2) . Numerous examples include the dimeric receptors of the cytokine family signaling through the Jak-STAT pathway (3, 4) , TGF protein superfamily signaling through the Smad pathway (5) , and others (6) .
High combinatorial plasticity of these pathways allows them to respond to many different ligands on the one hand, but on the other leads to a high degree of cross talk between different ligands (3, (7) (8) (9) . A striking example is signaling of the Type I Interferon family in which 16 different Interferon subtypes bind to the same heterodimeric receptor but elicit distinct cellular responses (10, 11) . In less extreme cases, different ligands might share only one receptor subunit or maintain specificity on the receptor level but activate overlapping sets of downstream regulators (3, 12, 13) .
Mathematical description of receptor binding
How cells can reliably discriminate between different signals in such conditions remains a puzzle (3, 7, 9, 13) .
Although the eventual signaling outcomes are not always directly correlated with the receptor occupancy, ligand discrimination at the receptor level is the crucial stepping stone for the specificity of signaling pathways. Although it is clear that the discrimination at least partially relies on the differences in ligand binding affinity to the receptor (10) (11) (12) 14) , that alone is not always sufficient for distinguishing between different ligands. Indeed, in the classical view of (monomeric) receptor signaling, the receptor occupancy, which dictates the signaling strength, is
where C is the ligand concentration outside the cell, and K d is the equilibrium dissociation constant of the ligand-receptor binding. However, as shown in Fig. 1 , a higher concentration of a weaker affinity ligand produces the same level of receptor occupancy as a lower concentration of a stronger affinity ligand. This makes it impossible to unambiguously distinguish between two different ligands based on the receptor occupancy alone. The situation is fundamentally different for dimeric receptors (15), as illustrated in Fig. 2 . Ligand-induced dimerization can occur via two parallel pathways (14) . A ligand molecule L can first bind and form a binary complex with either of the two receptor subunits, denoted as R 1 and R 2 , respectively, with the corresponding binding onand off-rates k
The binary complex L-R 1 can associate with the other receptor subunit, R 2 , to form the ternary, R 1 -L-R 2 complex T, with (two-dimensional) binding and unbinding rates k
. Alternatively, the ternary complex can form via the association of R 1 with the binary complex L-R 2 with the rates k
Results of the mathematical model
None of the binding-unbinding reactions involved in the formation of the ternary complex requires nonequilibrium input of energy in terms of ATP/GTP hydrolysis. This implies that the kinetic rates and the dissociation constants must satisfy the detailed balance relation ÀðE 2 =kTÞ , because they are also dictated by the corresponding binding energies E i , which ensures the detailed balance condition; a has dimensions of area (19) .
Detailed balance allows us to obtain an explicit analytical expression for the steady-state surface density T of the ternary complexes as a function of the ligand concentration in the solution C ((20,21) and the Supporting Material):
where
is the total density of the receptor subunits, and
we used the detailed balance condition to eliminate K 3 . Physically, this solution corresponds to the mean field approximation to the free energy of the assembly of receptor-ligand complexes on the cell surface. In some cases, receptor occupancy might not reach steady state during the stimulation time. However, the general Absolute discrimination region conclusions of this article remain valid even for stimuli of short duration, or when other effects, such as receptor internalization play a role, although analytical solutions are usually impossible in such cases (unpublished data).
Nonmonotonic dose response curve
The dose response curve predicted by Eq. 2 is very different from that of the monomeric receptor, and is shown in Fig. 2 for typical values of the parameters (10, 14, 22) . First, the number of ternary complexes is nonmonotonic in the ligand concentration and reaches a maximum T max at the concentration
. Second, for a dimeric receptor, the maximal response T max depends on the affinities of the ligand binding to the receptor subunits, in contrast to the monomeric receptor, where receptor occupancy saturates to the same level for any ligand affinity.
The reason for this behavior is that at high concentrations of the ligand (much higher than both K 2 and K 1 ), most of the bound ligand molecules are in binary complexes, preventing their dimerization into the ternary complex (15) . Similar effects, mediated by multivalent connector proteins (known as ''scaffold'' or ''prozone'' effect) have been implicated in cross-talk prevention in MAPK cascades (23) , paradoxical function of Cdk-binding proteins (24) , and others (25) (26) (27) . The effect was also noticed in numerical simulations of Type I Interferon receptor dimerization (14) , and there is evidence that it occurs in signaling by Erythropoietin through its homodimeric receptor (28).
Absolute ligand discrimination
As shown in Fig. 2 , these features allow absolute discrimination between two different ligands based on their affinities because the levels of receptor activation above the T max of the lower affinity ligand can only arise from the binding of the higher affinity ligand. Thus, in the range of concentrations shown in Fig. 3 , two ligands can be individuated independent of the concentration differences. Saturation of the signaling activity to different levels for ligands of different affinities appears to be one of the universal mechanisms of molecular discrimination and has been suggested to be operational in MAPK cascades (23) and self versus nonself discrimination by T cells (29) , although in each of these examples it arises from a different kinetic reaction scheme.
SUPPORTING MATERIAL
Supporting Materials and Methods are available at http://www.biophysj. org/biophysj/supplemental/S0006-3495 (16) 
Supplement: derivation of equation (2) in the main text
The mean field/random mixing approximation kinetic equations describing the dynamics of the ligand induced receptor dimerization are (1)
where One of these four equations is redundant because of the detailed balance condition. Successive elimination of variables using the conservation conditions, leads to the quadratic equation ( + 2 )( + 1 ) � + 1 2 = 0, which leads to Equation (2) in the main text. The analytical formula was verified by extensive numerical solutions of the full system of Equations (S1).
For ligand concentrations below the maximum, the dose response curve can be approximated by a MichaelisMenten like curve of the form = max /( + eff ) where the effective dissociation constant eff is now a function not only of the binding affinities but also of the concentrations of the receptor subunits on the cell surface: 
